In this study, we systematically evaluated the antibiofouling behavior of quaternary ammonium compound (QAC) blended polyvinylidene fluoride (PVDF) membrane using quartz crystal microbalance with dissipation monitoring (QCM-D) combined with flow cytometry (FCM) and confocal laser scanning microscopy (CLSM) measurements. QCM-D tests showed that the introduction of QAC reduced bacterial attachment due to the biocidal functions of QAC. FCM
INTRODUCTION
Membrane fouling, particularly biofouling, is a critical issue, in commonly used membrane-based technologies for water and wastewater treatment, and increases the overall treatment cost as a result of frequent membrane cleaning and replacement (Oh et al. ; Venault et al. ) . show changes in cell integrity (Habtewold et al. ) .
Although the above-mentioned techniques can be separately used for characterizing the interfacial behavior, their combined use is necessary to provide a more comprehensive understanding of biofouling/antibiofouling behavior.
The objective of this study is to investigate the antibacterial performance and associated mechanism of an antibiofouling membrane, i.e., QAC-modified polyvinylidene fluoride (PVDF) membrane, via the combined use of QCM-D, CLSM, and FCM. Bacterial attachment was monitored using QCM-D, with live/dead conditions on membrane surfaces examined by CLSM and in the elution flowing along QAC-modified membrane surfaces by FCM.
The biofouling structural information (elasticity/rigidity) together with its reversibility on the interface was also analyzed. 
MATERIALS AND METHODS

Chemicals and reagents
QAC-blended PVDF casting solution
The membranes used in this study were prepared by the phase inversion method as described in our previous publication (Zhang et al. a) . Blending is the simplest and most widely used method to modify polymeric membranes. The modified membranes are stable, and additives are scarcely leached (Liu et al. ) . A predetermined amount of PVDF (8.0 wt%) and PEG (8.0 wt%), after drying for 24 h at 80 C to eliminate moisture, was dissolved in DMSO, followed by agitation at 80 C for 48 h to obtain a homo- QAC was termed Q0. Our previous study (Zhang et al. a) showed that less than 10% of antibacterial activity were caused by the leaching of QACs at the beginning of the experiments. 
Membrane characterization
Preparation of bacterial suspension
Twenty microliters of adjusted bacterial suspension (about 10 7 cells mL
À1
) was poured into a 12-well plate with 20 mL nutrient broth in each well (Sinopharm). Subsequently, the bacterial cultures were incubated in the dark on a rotary shaker (100 rpm) at 37 C overnight. Bacteria were harvested by centrifugation (at 4,000 g and 4 C for 10 min) and washed three times with sterile saline, excluding the influence of residual substrate on the interaction of bacteria and membrane surface and ensuring all bacteria were in the same growth phase. After harvesting and washing, the bacterial suspension was adjusted via dilution to an optical density (OD 600 ) measured by a spectrophotometer (TU-1810, PERSEE, China) equal to 1, which corresponded to 5 × 10 8 ± 5 × 10 6 cells/mL. The adjusted bacterial suspensions were used for all subsequent experiments (Gutman et al. ) .
Bacterial characterization
The zeta potential of E. coli suspensions was measured by a zeta potential analyzer (Zetasizer Nano Z9, Malvern Instruments Ltd, UK) at an OD ¼ 1. Experiments were conducted at pH of 7 and temperature of 25 C at least three times (Gutman et al. ) . 
The reversible and irreversible properties of attached bacteria on membranes were evaluated based on the removed fraction and unremoved fraction in the washing phase using DI water (stage E), which can be shown by the percentages of Δf changed after washing. In detail, the relative Δf of reversible fouling (Δf rev ) and irreversible fouling (Δf irr ). were calculated by Equations (2) and (3), respectively.
where Figure   S1 (available with the online version of this paper). In stage A, DI water was injected to attain a stable baseline. 
RESULTS AND DISCUSSION
Membrane characterization Table 1 shows the intrinsic characteristics of pristine and 
Antibacterial behavior
Anti-attachment behavior QCM-D measurement is an effective method to investigate the dynamic adsorption processes at a solid/liquid interface.
In this study, frequency shift of the sensors was used to indi- To further confirm the antibiofouling behavior of membranes, the initial attachment rates were determined based on the initial slope of Δf (Chowdhury et al. ).
As shown in Figure 2 , the pristine PVDF-coated sensor (Q0) shows the greatest rate of cell attachment on the sensor; however, the QAC-modified membranes exhibit significantly lower attachment rate compared to Q0 ( p < 0.05). The results indicated the pristine PVDFcoated sensor (Q0) was more favorable for E. coli attachment which cannot be explained by physicochemical interactions between E. coli and membrane, since Q0
had the lowest contact angle and highest negative zeta potential.
XDLVO theory was further used in this study to quantify physicochemical interaction energies between foulants and membrane surfaces. According to XDLVO theory, the attachment of bacteria onto a surface is governed by van der Waals attraction forces, electrostatic forces, and acid- 
Reversibility of the adsorbed bacteria
In the design of antibiofouling membranes, it is very important to consider both initial bacterial adhesion and the ease of cleaning after killing. Therefore, the reversibility of membrane foulants was further investigated, with results shown in Figure 6 based on the frequency shifts before/after introducing DI water. It can be observed that the reversible fouling proportion of QAC-modified membranes was significantly higher than that of the pristine membrane (p < 0.05). This is also supported by the fluidity of the adsorbed bacteria on membrane surfaces (|ΔD/Δf|). These results suggest that the bacteria affected via contact-killing effects might not firmly attach to the QAC-modified membrane, leading to ease of cleaning. Such effect could also partially explain why the QAC-modified membrane had lower adsorption mass.
The antibacterial mechanisms of QAC-blended membrane are further illustrated in Figure 7 . For pristine membrane, the fouling behavior is dependent on physiochemical interaction between bacteria and membrane, exhibiting larger bacteria deposition and lower reversibility.
For QAC-modified membrane, the interaction between membrane and bacteria cannot be simulated well by the XDLVO theory, which might be due to the change of heterogeneity of surface charge induced by QAC and, more importantly, contact-killing effects. The physiological interaction between QAC-modified membrane and bacteria resulted in the lower quantity of deposited bacterial mass, 
